Introduction
The human carcinoembryonic antigen (CEA) family is composed of 29 genes tandemly arranged on chromosome 19q13.2. Based on nucleotide homologies, these genes are classified into 2 major subfamilies, the CEACAM and the pregnancy-specific glycoprotein (PSG) subgroups. The CEACAM-encoded proteins include CEA, the biliary glycoproteins (CEACAM1), nonspecific crossreacting antigen (CEACAM6), and the CEA gene members, CEACAM3 (CGM1), CEACAM4 (CGM7), CEACAM7 (CGM2), and CEACAM8 (CGM6). 1, 2 Protein structural analyses indicate that CEACAM subgroup members belong to the immunoglobulin (Ig) superfamily of adhesion molecules. The complexity of the CEACAM subgroup is increased by differential splicing and posttranslational modifications of some of its members. This is exemplified by the human CEACAM1 isoforms, where at least 8 transmembrane variants are generated by differential splicing of a single gene. 1, 2 These 8 isoforms possess an extracellular N-terminal IgV-set domain, followed by no (CEACAM1-1L and -1S), 2 (A1, B for CEACAM-3L and -3S), or 3 (A1, B, A2 for CEACAM-4L and -4S) IgC2-set domains, or with the A2 domain replaced by a serine-threoninerich non-Ig sequence (Y, Z for CEACAM1-3AL and -3AS). Alternative splicing of the cytoplasmic exons generates CEACAM1 variants with either long (L) or short (S) cytoplasmic tails.
The CEACAM1 molecules are recognized by CD66a monoclonal antibodies (Mabs) 3 and are expressed widely, occurring on monocytes, granulocytes and their precursors, activated T cells, 4 and CD16 Ϫ CD56 ϩ natural killer cells, B cells, and the epithelium and endothelium of a variety of tissues. 1, 2 Both apical membrane staining of simple epithelia with CD66/CEACAM antibodies and localization of CEACAM1 to sites of cell-cell contact (eg, between hepatocytes, stratified epithelia, junctional epithelium that forms a transition zone between gingival epithelium and teeth, and between pericytes and endothelial cells of blood vessel walls) have been demonstrated. These spatiotemporal expression patterns, the structural relationship of the CEACAM1 molecules to the Ig superfamily, and the presence of specific signal transduction motifs in their cytoplasmic tails provided the first clues to their diverse functions as homophilic and heterophilic adhesion molecules and as regulators of signal transduction. Homophilic adhesion, which has been confirmed by studies in vitro for the human CEACAM1-4L, -4S, -3L, -1L, and -4AL isoforms [5] [6] [7] and for rodent CEACAM1 molecules, 1,2 is thought to be important in the embryonic organization of the intestinal epithelium and of hepatocytes in the liver, in placental trophoblasts, during muscle and tooth development, during vascularization of the central nervous system, 1,2 in neutrophil activation and adhesion during inflammatory responses, 8 in lymphoregulation and immunosurveillance, 4 in angiogenesis, 9 and in the negative regulation of cell proliferation. 1, 2 Heterophilic adhesion of CEACAM1 to other CEACAM family members, E-selectin, to fimbral proteins of Escherichia coli and Salmonella, to Opa proteins of Neisseria meningiditis and Neisseria gonorrhoeae, to Haemophilus influenzae, and to murine coronaviruses has also been reported. [10] [11] [12] [13] [14] [15] [16] [17] [18] This heterophilic adhesion mediates Neisseria, Haemophilus, or coronavirus transmission; facilitates bacterial colonization of the gut and bacterial phagocytosis by neutrophils; and is involved in the initial tethering of granulocytes to E-selectin on the endothelium prior to their transendothelial migration during inflammatory responses.
Because the N-terminal IgV set domain of CEACAM1 has been implicated in mediating homophilic adhesion, 7, [19] [20] [21] [22] [23] we have determined the key amino acid residues (single-letter amino acid codes used throughout) involved in such interactions using site-directed mutagenesis. The basic structure of the IgV N-terminal domain of CEACAM1 is a predicted tertiary fold of a stacked pair of ␤-pleated sheets. There are 9 component ␤ strands, with strands A, B, E, and D lying in one sheet and strands C, CЈ, CЉ, F, and G being antiparallel in the other. When homology can be shown with nuclear magnetic resonance (NMR) or crystallographically well characterized proteins like CD2 and CD58, [24] [25] [26] [27] many properties of 3-dimensional structure may be predicted. Thus, selection of amino acids for mutagenesis was based on a 3-dimensional model for the N-domain of CEACAM1 and the identification of exposed amino acids from sequence alignments of the N-terminal amino acid sequences of human CEACAM1 with rat and human CD2 25 and human CD58. [25] [26] [27] From these studies, our results suggest that residues on the GFCCЈCЉ face of the N-terminal domain, particularly those within the CCЈ loop, play a crucial role in such homophilic interactions.
Materials and methods

Mabs
The rat CD66/CEACAM MAb, YTH71.3.2 (rIgG2a isotype), 3 and the mouse 34B1, 5F4, and 26H7 MAbs (all mIgG1 isotypes) 4 were produced as described. The CD66/CEACAM MAb, clone 85A12, was obtained from Oxoid (Basingstoke, United Kingdom). All remaining mouse CD66/ CEACAM MAbs were obtained from the Vth and VIth Leukocyte Differentiation Antigen Workshop. 28, 29 The CD14 (Tük 2; mIgG2a isotype) and CD31 (JC/70A; mIgG1 isotype) MAbs were purchased from Dakopatts (Glostrup, Denmark) and the anti-NCAM (BCA8; mIgG1 isotype) from R & D Systems (Abingdon, United Kingdom). The anti-MUC 18 MAb, 1B8, was kindly provided by Professor I. Hart, ICRF, London, United Kingdom. The isotype-matched mouse IgG1, IgG2a, and IgG2b irrelevant negative control MAbs were purchased from Dakopatts. YTH76.9 (Serotec, Oxford, United Kingdom) to HLA class 1 molecules was used as the rat IgG2a-negative control.
Stable transfectants
Chinese hamster ovary (CHO) cells stably expressing CEACAM1-4L and -4S and CEACAM1-1S were generated as described, 4, 5, 30 as were stable HeLa transfectants expressing CEA, CEACAM3, CEACAM6, and CEACAM8. [31] [32] [33] Nontransfected CHO cells or CHO cells stably transfected with pSV2Neo (CHO-Neo) were used as negative controls.
Flow cytometric analysis and quantification
For quantitating the levels of CEACAM molecules on transfectants, flow cytometry was performed on a FACScan or FACSCalibur flow cytometer (Becton Dickinson, Sunnyvale, CA) using the LysisII or Cellquest software for data processing. Cells (1-2 ϫ 10 5 ) were labeled with CD66/CEACAMspecific MAbs or irrelevant negative control MAbs of the same isotype (50 g/mL), phycoerythrin-linked goat (Southern Biotechnology Associates, Birmingham, AL), or fluorescein isothiocyanate-conjugated rabbit F(ab) 2 (Dakopatts) antimouse IgG (1:50) and then propidium iodide (5 g/mL). 5 Absolute quantification of the number of expressed CEACAM molecules was carried out using Quantum simply cellular microbeads (Sigma Chemical, St Louis, MO), using the MAbs COL1, 9A6, 80H3, T84.66, and D14HD11 to quantify CEACAM3, CEACAM6, CEA, and CEACAM1, respectively, and revealed CEA on HeLa 20 000 sites/cell, CEACAM1-4L on CHO 211 000 sites/cell, CEACAM1-4S on CHO 39 000 sites/cell, CEACAM1-1S on CHO 441 000 sites/cell, CEACAM8 on HeLa 18 000 sites/cell, CEACAM6 on HeLa 106 000 sites/cell, and CEACAM3 on HeLa 34 000 sites/cell.
Soluble recombinant chimeric proteins
The construction, production, and purification of the CEACAM1-Fc soluble proteins containing the N (CEACAM1-1-Fc), NA1B (CEACAM1-3-Fc), and NA1BA2 (CEACAM1-4-Fc) extracellular domains, Muc18(D1-5)-Fc, CD31(D1-3)-Fc, CD14-Fc, and NCAM(D1-7)-Fc have been described. 7, 34 
Epitope mapping of CD66/CEACAM MAbs
The reactivity of the MAbs with the soluble domain deletion constructs of CEACAM1 or with negative control constructs, NCAM(D1-7)-Fc or MUC18(D1-5)-Fc, was determined in triplicate and repeated at least twice using alkaline phosphatase-based enzyme-linked immunosorbent assays (ELISAs). 7
Identification of the conformational-dependent and -independent CD66/CEACAM MAbs
Because conformational-dependent MAbs provide useful and sensitive probes for analyzing structural alterations in mutant proteins, the capacities of CD66/CEACAM MAbs to recognize native as opposed to denatured forms of soluble recombinant CEACAM1 constructs were determined. Proteins were denatured by boiling for 5 minutes. in 0.1% (wt/vol) sodium dodecyl sulfate (SDS), and 0.2% (vol/vol) ␤-mercaptoethanol. Samples of either untreated (native) or denatured CEACAM1-4-Fc and NCAM(D1-7)-Fc recombinant proteins (100 and 10 ng/100 L) were analyzed for CD66 MAb antibody binding after slot blot transfer to immobilonpolyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA), and incubation with CD66/CEACAM or isotype-matched negative MAbs and sheep F(ab) 2 antimouse IgG-horseradish peroxidase. The membranes were developed using the chemiluminescence kit (ECL; Amersham International, Little Chalfont, Bucks, United Kingdom).
Site-directed mutagenesis of soluble recombinant CEACAM1-3-Fc complementary DNAs
The initial site-directed mutagenesis of the N-terminal domain of CEACAM1-3-Fc complementary DNA (cDNA) used a set of sense and antisense primers containing the appropriate single, double, or triple mutations (Table 1) as detailed 35 and illustrated in Figure 1 . With CEACAM1-3-Fc as template, the first polymerase chain reaction (PCR) used either a sense primer (primer 1: 5Ј GAGAACCCACTGCTTAACTGG 3Ј) specific to the H3M vector plus an antisense primer that contained the appropriate mismatched base(s) ( Table 1 ) or a sense primer containing appropriate mismatched base(s) ( Table 1 ) plus an antisense primer (primer 2: 5Ј CTGATCCGGAGAATTCCTTACCTGT AGTGACTATGATCGTCTT GATGT 3Ј) to the end of the B domain, to create 2 PCR products that overlapped within the region spanned by the mutagenized sense and antisense primers. The reaction was carried out at 94°C for 10 minutes, followed by 25 cycles of 94°C for 1 minute, 47°C for 1 minute, 72°C for 2 minutes, with a final extension period of 72°C for 10 minutes. Aliquots (5 L) of each PCR product were annealed at 94°C for 1 minute and cooled to 37°C at 1°C for 1 minute before the addition of 40 L PCR mix containing primers 1 and 2 only. PCR was carried out at 72°C for 2 minutes, followed by 30 cycles of 94°C for 1 minute, 50°C for 1 minute, and 72°C for 1 minute with a 5-minute extension step at 72°C. The PCR products were digested with HindIII and EcoR1 and cloned into the pIg vector. 7 Using the Quickchange Mutagenesis Kit (Stratagene Europe, Amsterdam, The Netherlands), site-directed mutagenesis was carried out to generate CEACAM1-3-Fc mutants R64A, D82A, R38A, D40A, R64D, and D82R ( Figure 1 and Table 1 ). After confirming mutated clones by automatic sequencing, each cDNA mutant was transfected into Cos-1 cells and the soluble proteins isolated on protein A-Sepharose as above. 7 
Analysis of the conformational integrity of mutated CEACAM1-3-Fc proteins
To determine if any decreases in CHO-CEACAM1-4L adhesion to the mutant CEACAM1-3-Fc proteins were due to a modification in the region of contact between the 2 molecules or to a more drastic change in their tertiary structure, conformational analysis was performed for all the mutated proteins, using conformational-dependent and -independent CD66/ CEACAM MAbs as detailed in the epitope mapping section. 7 
In vitro adhesion assays
Stable CHO CEACAM1-4L, CEACAM1-4S, CEACAM1-1S, or CHONeo transfectants were labeled with 1 g/mL 2Ј,7Ј-bis-(2-carboxyethyl)-5-(and -6)-carboxy fluoresceinacetoxymethylester (BCECF-AM; Molecular Probes, Eugene, OR) for 30 minutes at 37°C, prior to washing in phosphate-buffered saline (PBS)-0.2% (wt/vol) bovine serum albumin (BSA) or Puck saline (Gibco BRL, Paisley, Scotland)-0.2% (wt/vol) BSA and 5 to 10 ϫ 10 4 added to Immulon 3 microtiter plates (Dynex Technologies, Chantilly, VA) precoated with 1 g/well purified goat antihuman Fc antibody (Sigma Chemical) and 1 g/well of the appropriate soluble recombinant protein for 60 minutes at 37°C. BCECF-AM fluorescence in each well was read on the Cytofluor II plate reader (Perseptive Biosystems, Hertford, United Kingdom) at an excitation wavelength of 485/20 nm, a gain of 70 and an emission wavelength of 530/30 nm. The plates were washed in PBS-0.2% (wt/vol) BSA and the percentage of cells adhering to the constructs estimated from the subsequent fluorescence determinations. Adhesion assays were carried out with 4 to 6 replicates on 2 to 7 independent occasions.
Molecular modeling of the human CEACAM1 N-terminal domain
The sequence from the N-terminal domain of CEACAM1 was run against a database of sequences from x-ray and NMR structures, using the program BLASTP. 36 This identified the best templates for model building. Five Ig variable domains, human CD4, 37 Bence-Jones VL dimer REI, 38 rat CD2, 39 human CD2, 40 and human CD58, 40 were then superimposed and used as a sequence and structural template. The superimposition was entirely automatic and not biased to any particular region. It was performed using Multisup (Dr P.A. Bates, ICRF, London, United Kingdom), a program based on a pairwise superposition alogorithm. 41 The CEACAM1 sequence, plus other members of the family, were then automatically aligned to the structural template using a local program Mseq (Dr P.A. Bates, ICRF, London, United Kingdom). Due to the low identity between the CEACAM family and the templates, average 10%, sections of the alignment were manually adjusted to conserve buried hydrophobics and known features of the variable Ig fold. Secondary structure selection, loop building, and side chain replacements were done automatically using 3D-jigsaw, 42 (Dr P.A. Bates, ICRF, London, United Kingdom) a program that optimizes fragment and side chain conformations.
Results
The human CEACAM-4L and CEACAM-4S isoforms both mediate homophilic adhesion
The CEACAM1-4L and CEACAM1-4S isoforms share identical extracellular domains and transmembrane sequences, but their cytoplasmic tails are composed of 73 or 9 amino acids, respectively. Previous studies indicate that rat CEACAM1 and human CEACAM1-4L, CEACAM1-3L, CEACAM1-4S, and CEACAM1-1L transfectants adhere homophilically. 5, 6, 22, 23, 30, [43] [44] [45] We have examined the ability of human CEACAM1-4L, CEACAM1-4S, and CEACAM1-1S transfectants to adhere directly to immobilized recombinant proteins carrying the entire extracellular domain CEACAM1-4L/S. Our results show that, despite the higher level of CEACAM1-1S expression on CHO-CEACAM1-1S transfectants, only the CEACAM1-4L and CEACAM1-4S transfectants were able to bind significantly (30%-62% of the input cells added) to immobilized CEACAM1-4-Fc molecules ( Figure 2 ). Low to For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From negligible levels of adhesion were observed when CHO-CEACAM1-1S cells, possessing the N-terminal, transmembrane, and short cytoplasmic domains only, were examined for their ability to adhere to this same CEACAM1-4-Fc protein ( Figure 2 ). This suggested that the N terminal domain in such transfectants was not as readily accessible for binding to recombinant soluble CEACAM1-4-Fc proteins or that, without the IgC2 domains or long cytoplasmic tail, the avidity of adhesion was decreased and could not be maintained in this type of receptor/ligand binding assay.
The N-terminal domain alone does not mediate strong homophilic interactions
To investigate whether CHO-CEACAM1-4L transfectants were able to adhere to different extracellular domains of CEACAM1-4L/S in the absence of a cellular background, we constructed soluble recombinant domain deletion variants of CEACAM1-4L/S containing the N-terminal domain (CEACAM1-1-Fc) or the Nterminal domain linked to the A1B (CEACAM1-3-Fc) or A1BA2 (CEACAM1-4-Fc) domains, which mimicked the extracellular domains of the CEACAM1-1L/S, CEACAM1-3L/S, and CEACAM1-4L/S isoforms, respectively. Figure 2 shows the mean Ϯ SD of 7 independent experiments in which immobilized CEACAM1-1-Fc bound weakly to CHO-CEACAM1-4L transfectants, in contrast to the much stronger adhesion to immobilized CEACAM1-3-Fc and CEACAM1-4-Fc proteins. An average of 26% Ϯ 9% of the CHO-CEACAM1-4L cells adhered to the CEACAM1-1-Fc construct compared to 52% Ϯ 7% and 56% Ϯ 5% to the CEACAM1-3-Fc and CEACAM1-4-Fc proteins, respectively. For the CHO-CEACAM1-4S transfectants, slightly higher levels of adhesion were obtained in the presence as opposed to the absence of the A2 domain. However, binding of these cells to the # symbols indicate known amino acid residues at the interface in human CD2 and CD58, respectively. These are based on x-ray crystallographic coordinates for human and rat CD2 and human CD58. [25] [26] [27] Mutated human CEACAM1 residues are indicated by arrows, with each amino acid being substituted with alanine (A) either as a single, double, or triple mutant or with arginine (R) for D82 or aspartic acid (D) for R64 as indicated in Figures 3, 6 , and 7 and Table 1 . CEACAM1-1-Fc protein was similar to that observed using irrelevant CD31(D1-3)-Fc and CD14-Fc controls (Figure 2 ). For the CHO-CEACAM1-1S transfectants, essentially no binding to the CEACAM1-1-Fc-or CEACAM1-3-Fc-immobilized proteins above background was detected, whereas adhesion to the CEACAM1-4-Fc construct was low to negligible (Figure 3) . Because the CEA, CEACAM3, CEACAM6, and CEACAM8 molecules have been shown previously 30, [46] [47] [48] to interact heterophilically when expressed in cell lines, we examined the adhesion of HeLa-CEA, -CEACAM3L, and -CEACAM6 to immobilized recombinant forms of CEACAM1-4-Fc (Figure 2) . Only weak adhesion (1.7-to 2.1-fold higher than for CD14-Fc) occurred despite the fact that these molecules share 89% to 91% amino acid identity in their N-terminal domains ( Figure 1A ). Taken together, our studies show that the A2 domain and long cytoplasmic tail are not essential for this homophilic interaction, although they appear to stabilize or increase avidity of binding.
Definition of key amino acid residues on the CFG face of the CEACAM1 N-terminal domain involved in homophilic adhesion
It has been demonstrated that (1) rat CEACAM1 lacking the N-terminal domain but containing the A1B1A2 domains failed to mediate adhesion, 20, 21 and (2) mutagenesis of a single amino acid within the GPAYSGRET N-domain sequence of rat CEACAM1 and corresponding to R64 in human CEACAM1 prevented aggregation of Sf9 transfectants. 19 This mutation would be predicted to destabilize the tertiary structure of the N-terminal domain of rat CEACAM1 by preventing intrastrand salt bridge formation between the base of ␤ strands D and F at residues R64 and D82. 49 To determine the importance of these and other amino acid residues from the N-terminal domain of human CEACAM1 in homophilic adhesion and because high levels of homophilic adhesion had been achieved between the CEACAM1-3-Fc construct and the CHO-CEACAM1-4L transfectants, we subjected specific amino acid residues within the N-terminal domain of CEACAM1-3-Fc to site-directed mutagenesis. The primary amino acid sequences of this N-terminal domain of CEACAM1 were aligned with those of other human CEACAM family members ( Figure 1A ) and with human and rat CD2 and human CD58 ( Figure 1B ). This alignment was based on x-ray crystallographic coordinates for CD2 and CD58. 25 From the molecular model for the N-domain of CEACAM1 (Figure 3) , we also predicted which amino acid residues in the N-terminal domain of CEACAM1 contributed to the different ␤ strands of the Ig structure. Figure 3 shows the predicted arrangement of 9 ␤ strands arranged on 2 faces, GFCCЈCЉ and ABED. Initially, 9 specific mutations in residues predicted to be solvent accessible and exposed at the surface of CEACAM1 were targeted onto the GFCCЈCЉ face and 4 on the opposite ABED face. Two mutations at residues R38 and D40 adjacent to V39 on the GFCCЈCЉ face were also made. The amino acid residues selected were all substituted with alanine (A) residues. The single salt bridge across the GFCCЈCЉ interface is predicted to involve residues R43 and E98. To disrupt this, the E98A mutation was made. In addition, residues R64 and D82 are predicted to form an intrafold salt bridge between the GFCCЈCЉ and ABED faces, but this does not occur on the GFCCЈCЉ face. These were mutated individually to alanine residues (R64A, D82A) or to R64D (aspartic acid), or D82R (arginine) to disrupt this salt bridge. To regain function, the salt bridge within the R64D mutant was restored but in the opposite amino acid orientation by introducing a second mutation at D82R ( Figure 1B) .
Identification of CEACAM1 N-domain reactive Mabs
To determine which CD66/CEACAM MAbs recognize the CEACAM family members, we analyzed a set of MAbs on CEA-CAM1-4L, CEACAM1-4S, CEACAM1-1S, CEA, CEACAM3L, CEACAM6, and CEACAM8 CHO or HeLa transfectants and on different CEACAM1 soluble isoforms. Two of these MAbs, 26H7 and 5F4, appeared to be specific for CEACAM1. The other MAbs reacted variably with different CEACAM molecules ( Table 2) For personal use only. on April 15, 2017. by guest www.bloodjournal.org From
Analysis of the conformational integrity of mutated CEACAM1-3-Fc soluble proteins and identification of sites for CD66/CEACAM1 MAb reactivity
Conformational analysis was carried out on the mutated CEACAM1-3-Fc constructs using these MAbs to establish whether any alterations in their adhesion to CHO-CEACAM1-4L transfectants might result from a major change in their tertiary structure, rather than in the region of contact between the 2 opposing molecules. The majority of MAbs tested reacted with the mutated and native CEACAM1 constucts in a manner similar to that observed for the conformational independent MAb, F34-187 ( Figure 5A ), suggesting that most single amino acid substitutions did not drastically affect the general tertiary CEACAM1-3-Fc structure. Three of the conformationally dependent MAbs showed §Does not cross-block CLB-gran/10. Cross-blocks CLB-gran/10.
major reductions in binding. These were (1) COL-4, which did not react with the I91A or T87AQ89AI91A mutants; (2) 12-140-4, which failed to bind to the Y34A or S32AY34AV39A mutants; and (3) 5F4, which did not bind the Y34A, S32AY34AV39A, or T87AQ89AI91A mutants and showed reduced adhesion to constructs carrying single mutations, T87A, Q89A, and I91A, in the F ␤ strand and FG loop. Most N-domain-specific MAbs showed reduced binding to single R64 and D82 mutants ( Figure 5B ). This was restored in all cases after introduction of the second D82R mutation into the R64D mutant (R64D D82R; Figure 5B ) and reformation of the salt bridge, suggesting that this salt bridge was required for the conformational integrity of CEACAM1.
The GFCCC؆ face and CC loop of N terminal domain of CEACAM1 are crucial for mediating homophilic adhesion
Our results show that mutation of valine 39 to alanine (V39A) on the CCЈ loop abrogated the adhesion of CEACAM1-3-Fc to CHO-CEACAM1-4L transfectants ( Figure 6 ). A slight but less significant decrease in adhesion of the transfectants to soluble proteins carrying a mutation at serine 32 (S32A) was also observed. The mutation at tyrosine 34 (Y34A) did not affect adhesion, despite the lack of reactivity of this mutant protein with the 5F4 and 12-140-4 MAbs (Figures 5 and 6 ). As with the V39 mutation, the triple mutation (S32A Y34A V39A) also ablated adhesion. Further mutation of single amino acids on either side of V39, in particular R38A and D40A, revealed that the latter but not the former mutation, abolished homophilic adhesion ( Figure 7 ). These results indicate that residues V39 and D40 in the CCЈ loop affect adhesion more significantly than those tested in the C ␤ strand (S32A, Y34A). Mutation of residues T87, Q89, and I91 to alanine residues in the F ␤ strand had no major effects on adhesion when used alone, again despite the fact that mutation of I91A abrogated 5F4 and COL-4 MAb binding (Figures 5 and 6) . However, when all 3 mutations were present on the same molecule, adhesion was dramatically inhibited (Figure 6 ), even when the concentration of this mutant was doubled (data not shown). This may be due to a more severe change in the domain conformation with all the accessible polar residues of the F ␤ strand substituted by neutral residues. Residues V96 and E98 are located in the FG loop of the N-terminal domain, with E98 predicted to form a salt bridge with R43 across the GFCCЈCЉ interface. Substitution of V96 with alanine either alone or as a double mutant, V96E98, inhibited adhesion slightly, whereas the E98 mutation had no effect. Thus, the predicted salt bridge between residues R43 and E98 is not important for homophilic adhesion. The control ABED face mutants, L18L20 (B ␤ strand) and S72L74 (E ␤ strand) had no overall significant effect on binding. Alignment studies predicted a second intrafold salt bridge between residues R64 and D82 in the N-terminal domain of CEACAM1 at the base of the D and F ␤ strands (Figures 1 and 3 ). Our results ( Figure 7 ) confirm studies by Sippel and coworkers 19 that mutation of the equivalent R64 residue in rodent CEACAM1 inhibits homophilic adhesion and they further reveal that single amino acid mutations involving these salt bridge residues (R64A, R64D, D82A, or D82R) abrogate homophilic adhesion of CEACAM1. When this salt bridge is restored, albeit in the opposite amino acid orientation, the gain-of-function mutant is capable of binding to human CEACAM1 homophilically ( Figure 7) . These results strongly suggest that neither the R43 to E98 salt bridge at the GFCCЈCЈ interface nor the R64 to D82 intrafold salt bridge is involved directly in the binding site, but that the R64 to D82 salt bridge is required for fold stability and thus indirectly affects the binding site.
Discussion
Using an alanine-scanning mutagenesis approach, we have identified key amino acids on the N-terminal IgV domain of human CEACAM1 that are involved in homophilic adhesion. Most notably, the V39 and D40 residues on the CCЈ loop play a critical role in this process. Residues closely associated with V39 and D40 and positioned in the molecular model in the lower region of the GFCCЈCЉ face, particularly R38, Y34, Q44, and T87, as well as those at some distance away and positioned at the top of the GFCCЈCЉ face, namely I91, V96 and E98, if mutated individually, and those on the ABED face did not abrogate adhesion. The importance of the GFCCЈCЉ face of the CEACAM1 N-terminal domain in regulating adhesive interactions and signaling is underscored in several other experimental systems. First, CEACAM1 peptides that activate neutrophils by up-regulating their expression of CD11/CD18 and down-regulating their expression of L-selectin, thereby enhancing adhesion of neutrophils to endothelium, span the first 48 amino acids of the N-terminal domain, an area that encompasses the CCЈ loop sequence. 50 Heterophilic interactions of the CEACAM1 N-terminal domain with murine corona viruses, H influenzae and Opa proteins of N meningiditis and N gonorrheae also occur on the GFCCЈCЉ face of CEACAM1. 18, [50] [51] [52] [53] [54] [55] [56] [57] Amino acids between 34 to 52 in the CCЈ loop region of the murine CEACAM1 N-terminal domain are crucial for murine corona virus interaction. 51 Similarly, amino acids between residues 27 to 42 (particularly the triplet Q27L28F29) and S32, 
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Y34, V39, Q44, Q89, and I91 on the GFCCЈCЉ face of human CEACAM1 form differential adhesiotopes for the surrogate pathogen coreceptors described above. 18, 53, 54 These adhesiotopes are predicted to either reside in a groove formed by homophilic interactions of CEACAM1 in cis that involve the V39 and D40 CCЈ loop residues or are exposed after disruption of CEACAM1 cis dimerization by cytokine (eg, tumor necrosis factor-␣) activation that precedes binding of CEACAM1 by pathogenic bacteria. 58 The CEACAM1 molecules also function as inhibitory coreceptors for activated human intestinal intraepithelial T cells (iIEL) in the gastrointestinal tract. 4 Interestingly, the CEACAM1-specific Mab, 5F4, which inhibits the activation of peripheral blood T cells and the cytolytic function of iIEL, shows significantly reduced binding to the N-domain CEACAM1 mutants, Y34A, T87A, Q89A, or I91A on the GFCCЈCЉ face. A less marked but significant decrease in binding to the Y34 mutant was also observed with the other functional Mabs, 34B1 and 26H7. Whether this is mediated by a heterophilic interaction involving residues distinct from those involved in homophilic interactions remains to be determined.
Nevertheless, these studies demonstrate the importance of the GFCCЈCЉ face in proinflammatory and immunoregulatory roles, for regulating a signaling function of CEACAM1, and for mediating interactions with pathogens. They further support the view 54 that pathogenic bacteria use residues that are unlikely to undergo adaptive mutations because they are involved in the normal function of CEACAM1 receptors.
One might envisage that the molecular mechanisms designed to control CEACAM1 homophilic and heterophilic adhesion resemble, but are distinct from, the interactions observed for other adhesion receptor-ligand pairs, such as of CD2 with CD58, of ICAM-1 with ICAM-1, LFA-1, rhinoviruses or Plasmodium falciparum-infected erythrocytes, and of cadherins with cadherins. Such studies when taken together support the proposal that the GFCCЈCЉ faces of the Ig family members may have evolved as a sticky patch to recognize a variety of protein-protein interactions. 59 Superimposing 2 domains of CEACAM1 in a similar orientation to the packing geometry found for CD2-CD2 and CD2-CD58 indicates that the interface of CEACAM1 is much less hydrophilic than that found in CD2 interactions with either CD2 or CD58, 60, 61 with the CD2-CD58 interface being particularly dominated by charged residues. No less than 10 salt bridges and 5 hydrogen bonds have been identified at this interface. 25 Thus, a significant number of charged residues are engaged in a complex salt bridge network ensuring high specificity with interacting coreceptors. For CEACAM-1, assuming a similar packing arrangement, only one potential salt bridge involving residues R43 and E98 at the base of the CЈ strand and the top of the G strand can be identified at the adhesive interface. Mutation of one of the contributing residues to this predicted salt bridge, E98, had no effect on and was not essential for homophilic adhesion.
A conserved intrastrand salt bridge is also predicted, but this does not lie on the GFCCЈCЉ interface in our proposed molecular model. One of the contributing amino acids to this salt bridge is R64 at the base of the D ␤ strand, whereas its partner is predicted to be D82 at the base of the F ␤ strand. Mutation of either of these residues individually results in a loss of homophilic adhesion. This confirms the observation of Sippel and coworkers 19 that mutation of the equivalent R64 residue in rodent CEACAM1 abolishes homophilic adhesion. However, re-formation of the salt bridge in an opposite amino acid orientation restored homophilic adhesion, suggesting that R64 and D82 are not critical for homophilic interactions, but are required for maintaining the stability and tertiary structure of the molecule. Interestingly, Taheri and colleagues 62 reported recently that residues predicted to form a salt bridge in the N-terminal domain of the related CEA molecule did not significantly contribute to the adhesive interface. Thus, we would expect that both the homophilic and heterophilic interfaces of CEACAM1 are more hydrophobic than hydrophilic in nature and may therefore be expected to bind with greater affinity than interactions involving CD2 and CD58. The human CD2 and CD58 molecules on opposing cells are thought to pack face-to-face with the GFCCЈCЉ faces of their N-terminal domains in a "handshaking" arrangement. 25, 61 This CD2-CD58 sensing mechanism generated by the hydrophilic nature of the interacting GFCCЈCЉ faces maintains a high specificity and fast on-off rate to function in immune responses, with the affinity of the monomeric CD2-CD58 interaction being low (K d of approximately 1 M). This may not be true for CEACAM1 where a higher affinity may be needed.
Discriminating between cis and trans interactions is important for both heterophilic and homophilic adhesion molecules when expressed on the same and opposing cells, with cis interactions being able to either block or enhance interactions in trans. Insight into the molecular mechanisms for CEACAM1 interactions may come from studies on molecules such as ICAM-1 or N-cadherin. The crystal structure of the 2 N-terminal domains of ICAM-1 has revealed that both domains function in integrin (LFA-1) binding, the first interacting with residues on LFA-1 and the second involved in orienting the recognition surface of the first domain so that the counterreceptors can achieve optimal contact in trans, while preventing recognition of cis counterreceptors on the same cell. 61 Interestingly, the ICAM-1 binding sites for its cognate coreceptor LFA-1 and its surrogate pathogenic counterreceptors are almost all different. 61 The position of amino acids on the GFCCЈCЉ face of CEACAM1 used for homophilic, Neisserial Opa protein and H influenzae adhesion is reminiscent of but differs significantly from the critical amino acids on ICAM-1 that are required for interactions of its N-terminal domain in cis and trans. In the case of N-cadherin, the functional N-terminal domain contains 7 ␤ strands in an antiparallel orientation that resemble the Ig fold. 63 Its crystal structure reveals 2 types of intermolecular interactions, one mediating intracellular and the other intercellular cadherin dimerization. Initially, dimerization occurs in cis so that the dimers are parallel to BLOOD, 1 SEPTEMBER 2001 ⅐ VOLUME 98, NUMBER 5 For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From each other. This allows 2 monomeric halves of the dimer interface on opposing cells to interact with enhanced avidity in an antiparallel fashion to form an "adhesion zipper." Such enhanced homophilic adhesion has been suggested for CEA 49 and remains a possibility that should be investigated for CEACAM1.
Previous studies have shown that the N-terminal domain is crucial for homophilic interactions of rat CEACAM1. 21 Although single deletions of the IgC2 domains, A1, B, and A2, did not affect adhesion, deletions of the N-domain alone or of the A1, B, and A2 domains together abrogated adhesion and deletions of both the B and A2 domains reduced adhesion substantially. 21 The IgC2 domains as well as the N domain of CEACAM1 have been implicated in corona virus receptor activity, 51 and H influenzae binding. 18 We have observed significantly reduced binding of CHO-CEACAM1-4L and -4S transfectants to immobilized human CEACAM1 N-domain constructs. The avidity of adhesion was also reduced if the A2 domain was removed from the CEACAM1-4 soluble molecule. Whereas previous studies have shown that cells expressing CEACAM1-4L and -4S are able to mediate homophilic adhesion, 6, [64] [65] [66] [67] our studies show that CEACAM1-4S in contrast to CEACAM1-4L transfectants bind less avidly to immobilized CEACAM1 molecules and suggest that the IgC2 and cytoplasmic domains of CEACAM1 may regulate the specificity and avidity of homophilic and heterophilic interactions or signaling functions. Several observations support this view. First, no transmembrane isoform of CEACAM1 containing N and A1 ectodomains only has been identified, 2 suggesting that such an isoform does not have functional significance. Second, multiple splice variants of CEACAM1 lacking IgC2 domains and possessing long or short cytoplasmic tails exist, 2 yet each CEACAM1 isoform will preferentially form homodimers in cis, 68, 69 a process regulated by its interaction with calmodulin 68, 69 and by the relative levels of expression of the different isoforms on a single cell type. 1 Third, cross-linking studies suggest that the ectodomains of specific CEACAM1 isoforms are closely associated, 1 with the formation of homodimers appearing to require interactive sequences in the extracellular domain, cytoplasmic tail, and transmembrane region. 1, 44, 70 It might be speculated that the expression levels, the conformation, and association of the different CEACAM1 isoforms in the cell membrane regulate the interaction of their N-terminal domains in cis or trans and thereby their ability to mediate homophilic or heterophilic functions. Homophilic interactions or dimerization of CEACAM1 molecules in cis may maintain the receptor in an inactive conformation for interacting with opposing cells, or place the N terminal GFCCЈCЉ face in the correct orientation to increase the avidity of binding to homophilic or heterophilic counterreceptors on the same or opposing cells as has been described for ICAM-1 and the cadherins and predicted for CEA. 49 Engagement of CEACAM1 homophilically on the same epithelial cell may prevent its interaction in trans and may deliver a negative signal inhibiting epithelial cell proliferation, a regulatory mechanism that is lost when CEACAM1 levels are decreased during epithelial tumor formation. 1,2 Alternatively, the activation of CEACAM1 molecules on the surface of neutrophils during inflammation may control the presentation of sLe x residues to E-selectin ligands on endothelial cells and regulate CD11/CD18 and L-selectin levels. 11, 49, 71 On endothelial and epithelial cells, CEACAM1 activation, perhaps by inducing or inhibiting homophilic interactions or dimerization, may also regulate isoform concentrations on the cell surface, orient the molecules, or increase the avidity of adjacent residues on the GFCCЈCЉ face of CEACAM1 for Neisserial Opa proteins or H influenzae. [14] [15] [16] [17] [52] [53] [54] [55] [56] A high degree of sequence similarity exists between the N-domains of CEACAM-1 and CEA. A model of CEA 49 has suggested that the Ig domains of CEA dimerize and subsequently align in parallel on the surface of the cell, making residues in the N-terminal domain of CEA accessible for homophilic adhesion in trans. However, subsequent biochemical studies 23 have suggested that high affinity homophilic binding involves domains 1 and 6 of CEA. Nevertheless, this does not preclude a first phase of lower affinity binding between just the N-terminal domains of CEA as the 2 cell surface membranes approach each other. The subtle sequence variations on the GFCCЈCЉ faces of CEA and CEACAM-1 are thus a key feature for further study and for x-ray crystallographic analyses.
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